Abstract. This work deals with the electronic properties, in different crystal phases, of AlN (wurtzite and zincblende) compounds computed using an all electron ab initio linearized augmented plane wave method. Results include band structure, total and partial density of states, charge density and the ionicity factor. Most of the calculated band parameters, of direct bandgap, total-and upper-valence bandwidths and antisymmetric gap for wurtzite-AlN are close to those of c-AlN to within 1%. The charge distributions have similar features, meaning that AlN has the same ionicity factor in both structures.
Introduction
Aluminium nitride is the largest-bandgap nitride semiconductor (up to 6.2 eV in wurtzite (WZ) phase); it is suitable for high-temperature electronics and opto-electronic applications. It is characterized by high temperature stability (melting temperature ∼3000
• C), high elastic stiffness and excellent thermal conductivity. AlN crystallizes in the WZ (hexagonal) structure, C 64.2 approaches [13, 17] . These investigations were carried out for one structure or other polytype and no detailed description is available for common physical properties for both structures of AlN. The calculations reported by Xu and Ching [5] and Guadalupe et al [6] are based on the ab initio linear combination orbitals (LCAO) method, while those of Van Camp et al [7] , Munoz and Kunc [8] , Wright and Nelson [9] , Vogel et al [10] , Pugh et al [11] and Stampfl and Van de Walle [12] are based on the pseudopotentials and plane-wave expansions. Some authors used the full potential linearized muffin-tin orbital (FP-LMTO) [13] and the atomic-sphere approximation within LMTO (ASA-LMTO) [14, 15] , as well as the FP-LAPW [16, 17] methods. Different parametrizations or approaches have been used to determine the exchange-correlation contribution [10, 18] within the ab initio techniques. Other results from semi-empirical methods were reported by Bloom [19] , Fan et al [30] and Goano et al [20] using pseudopotential, Kobayashi [21] , Ching and Harmon [23] and Ferhat et al [31] using tight-binding and Huang and Ching [22] using semi-ab initio approaches.
This work presents detailed information on the band structures, total and partial density of states (DOS) and total valence charge densities of both ZB and WZ aluminium nitride, calculated using the self-consistent FP-LAPW method. Our interest was to look for common trends and differences in electronic structure. We present a comparative study of the fundamental gaps, valence bandwidths, spin-orbit splittings, angular momentum decomposition of the atom-projected DOS, charge transfer and ionicity factor using the same formalism and input parameters. We compare the w-AlN and the metastable c-AlN characteristics, studying their electronic structure. We focus on differences in the bandgaps between the two structures as well as on the bonding properties, related to the ionic/covalent character of the bonds.
Computational details
The electronic configuration of AlN is Al: Ne 3s 2 3p 1 and N: He 2s 2 2p 3 . In the following calculation, we have distinguished the Al (1s 2 2s 2 2p 6 ) and N (1s 2 ) inner-shell electrons from the valence band electrons of the Al (3s 2 3p 1 ) and N (2s 2 2p 3 ) shells. In WZ, the Al and N atoms are in (2b) positions as follows: Al (0, 0, 0), (1/3, 2/3, 1/2); N (0, 0, u), (1/3, 2/3, 1/2 + u). In ZB, the Al and N are in fcc positions as follows: Al (0, 0, 0); N (1/4, 1/4, 1/4). For the WZ structure the internal parameter u, which is the relative displacement between Al and N sublattices along the c direction, was fixed to be 0.385 and the c/a ratio at the value of 1.601. We have considered a set of lattice parameters for both c-AlN and w-AlN taken from [4] : a = 4.37 Å for ZB and a = 3.11 Å and c = 4.98 Å for WZ.
The lattice constant for the c-AlN used in our calculation seem to be accurate when compared with the available experimental value of 4.38 Å of [1] . Theoretical calculations within the LDA give 4.32 and 4.345 Å using FLMTO (see [32, 18] , respectively) and 4.342 Å using PWPP [9] , and those within GGA give 4.394 using PWPP [12] and 4.40 using FLAPW [33] .
For w-AlN, the pseudopotential calculations of Wright and Nelson [9] give values for lattice parameters (a = 3.08 Å, c = 4.94 Å) which are slightly underestimated compared to the experimental values (a = 3.11 Å, c = 4.98 Å) of [34] . This underestimation of lattice parameters is caused by the use of the LDA.
The calculations were performed using both the nonscalar relativistic and full relativistic (including spin-orbit interaction) FP-LAPW [35] approach within the framework of the DFT. The exchange-correlation energy of the electrons is described in the local-density approximation (LDA) using the Perdew-Wang functional [36] . Basis functions were expanded in combinations of spherical harmonic functions inside nonoverlapping spheres surrounding the atomic sites (muffin-tin (MT) spheres) and in a Fourier series in the interstitial region. In the MT spheres, the l-expansion of the nonspherical potential and charge density was carried out up to l max = 12. In order to achieve energy eingenvalue convergence, we have expanded the basis function up to R MT K MAX = 10 (where K MAX is the maximum modulus for the reciprocal lattice vector, and R MT is the average radius of the MT spheres), equivalent to approximately 1400 and 300 basis functions per atom for both WZ and cubic phases, respectively. Furthermore, we adopted the values of 1.65 Bohr for nitrogen and 1.85 Bohr for aluminium as the MT radii. The k integration over the Brillouin zone is performed up to a 4 × 4 × 4 Monkhorst-Pack [37] mesh (ten points in the irreducible wedge of the Brillouin zone (IBZ) are used for both ZB and WZ structures). The iteration process was repeated until the calculated total energy of the crystal converged to less than 1 mRyd. A total of seven iterations was necessary to achieve self-consistency.
Results and discussion

Electronic band structures
Due to the fact that the spin-orbit interaction and other relativistic effects are important in the description of the nitride electronic properties, particularly for those involving the heavier elements Ga and In, we analyse the role played by these effects in the band structure of both wAlN and c-AlN. We show results for the band structures obtained from nonrelativistic calculations in comparison to relativistic ones, the latter including spin-orbit interaction. The electronic band structures of w-AlN and c-AlN along symmetry lines are shown in figure 1 comparing results obtained without and with relativistic effects taken into account, whereas the calculated band Table 1 . A summary of the important features of the LDA band structure of AlN at high-symmetry points in (a) WZ structure and (b) ZB structure. The reference is the valence-band maximum. In (a) the A, L and H points are doubly degenerate (all energies are in eV).
energies at high-symmetry points are given in tables 1(a) and (b), respectively. In agreement with previous reports [9] - [12, 24, 27, 29] , the bandgap of AlN is direct in the WZ phase and indirect in the ZB phase. The electronic structure around the valence band maximum of AlN in the WZ structure is different from that of the ZB-type crystal. When we include the spin-orbit interaction, the valence band maximum of w-AlN is split both by spin-orbit interaction ∆ so and by the noncubic crystal field ∆ CF , giving rise to three states at the Brillouin zone centre:
7v and Γ
7v . In the absence of spin-orbit splitting, these levels become a doubly degenerate Γ 6v and a singly degenerate Γ 1v . The valence band maximum of c-AlN is split only by spin-orbit interaction ∆ so , giving rise to two states at the Brillouin zone centre: Γ 8v and Γ 7v . In the absence of spin-orbit splitting, these levels become a triply degenerate Γ 15v . The main difference between the valence band structure of WZ and ZB crystals is the crystal field splitting in the WZ crystals, which is absent in the ZB structure due to the cubic symmetry. However, from tables 1(a) and (b) the upper valence band of w-AlN is split by the noncubic crystal field giving rise to two states at the Brillouin zone centre, Γ 1v (singly degenerate) and Γ 6v (doubly degenerate) unlike the c-AlN where it is triply degenerate at Γ 15v . The crystal-field splitting parameters ∆ CF are calculated in the absence of spin-orbit interaction. The crystal-field splitting in w-AlN is negative (Γ 1v is above Γ 6v ) in agreement with the previous band structure calculations by Lambrecht et al [4] using the linearized MT orbital method with atomic sphere approximation (LMTO-ASA), and Wei and Zunger [17] using the general potential linearized augmented plane wave method (LAPW). The calculated value of the crystal field splitting ∆ CF in WZ AlN is −100.7 meV. Our calculated value is in good agreement with that calculated recently by Pugh et al [11] (see table 2 Our calculated values for spin-orbit splitting ∆ so are 19.4 and 19.3 meV for w-AlN and c-AlN, respectively, which compares well with the calculated values predicted by previous calculations [17, 33] (see table 2 for comparison). Since in AlN for both WZ and ZB phases the top of the valence band originates mainly from the p orbital, ∆ so is very small compared to other III-V compounds. The most prominent features of the calculated band structures (bandwidths, bandgaps) of w-AlN and c-AlN are listed in tables 3(a) and (b), respectively. In w-AlN, the bandgap is 4.3 eV and direct at Γ; this is in close agreement with the results of Wright and Nelson [9] , Vogel et al [10] , Pugh et al [11] and Rubio et al [29] , who used plane-wave pseudopotential total-energy calculations in the LDA approximation. The experimental energy gap (6.28 eV) of w-AlN was determined by Berger [27] . Thus our LDA underestimates the bandgap by 1.98 eV (∼30%).
In c-AlN the conduction-band minimum (CBM) is located away from the Γ point, at the X point. Thus, we obtain an indirect bandgap of 3. antisymmetric gap for w-AlN are close to those of c-AlN to within 1%. The results of other approaches beyond the LDA, Hartree-Fock [6] , GW quasiparticle [29] and self-interaction and relaxation correction pseudopotential (SIRC-PP) [10] calculations are also listed for comparison. Only the GW quasiparticle calculation of Rubio et al [29] yields gap energies in reasonable agreement with experiment. The bandgaps of AlN are underestimated in the LDA, when compared to the experimental data or GW calculations (tables 3(a) and (b)). They are 30-50% smaller than the experimental values and this is an intrinsic feature of the DFT-LDA. However, there is a reported, surprising agreement between LDA and GW results for the valence bandwidths, and it is widely accepted that the LDA electronic band structures are qualitatively in good agreement with the experiments as concerns the ordering of the energy levels and the shape of the bands. In many cases it is even possible to superimpose LDA electronic bands on the GW or the experimental ones simply with an upwards shift of the theoretical conduction bands [29] .
Total and partial density of states
In this section, we present the calculated total and partial DOS and we compare the angular momentum decomposition of the atom-projected DOS of AlN in WZ and ZB structures. We also analyse the DOS at the atoms (anion N and cation Al) and in the interstitial region. The DOS was computed using a mesh of 140 and 90 k points in the IBZ for WZ and ZB structures, respectively. Figure 2 shows the total and the projected DOS integrated over the atoms and the interstitial region outside the MT spheres for both WZ and ZB AlN. These plots (figure 2) are very similar for both w-AlN and c-AlN. While not much difference is expected between DOSs obtained for the two structures for the occupied states (valence bands), significant discrepancies are obvious for the unoccupied levels (conduction bands). In particular, the total DOS for c-AlN has conductionband DOSs that are shifted toward lower energies as compared to that of w-AlN. It can be seen that the DOS in the interstitial region is not negligible. For both w-AlN and c-AlN, the total DOS presents three regions: the lower part of the valence bands is dominated by N 2s states, and the upper part by N 2p and Al 3p states. The Al 3s states contribute to the lower valence bands. The first conduction band in Γ is predominantly of Al 3s character. Table 4 gives the s and p characters of the wavefunctions for the lower and upper valence bands for both w-AlN and c-AlN. It is seen that s and p orbitals present the same contribution for both the lower and upper valence bands in the two structures. To explain qualitatively these contributions, figure 3 shows the angular-momentum decomposition of the atom-projected DOS of both w-AlN and c-AlN, which are used to analyse the orbital character of different states.
It is also desirable to determine the type of hybridization (states responsible for the bonding) in the AlN compound. The strong hybridization of Al 3s and Al 3p with N 2p-like states can be readily visualized in figure 3 . From figure 1, one can see that the 2s band of nitrogen between −12.2 and −14.9 eV for w-AlN and between −12.0 and −14.8 eV for c-AlN is distinct and has very little mixing with other states. This is similar to the other group III nitrides [5] , although in the case of AlN the nitrogen 2s band is wider and lower in energy. Indeed, the stronger Al 3s-N 2p hybridization in AlN relative to other III-V compounds is due to the proximity of the N 2p and Al 3s orbital energies (see table 5 pushed respectively, relative to the N 2s and Al 3s orbital energies, by the same amount of s-s interaction energy in both structures WZ and ZB. The resulting direct bandgap must be the same for both w-AlN and c-AlN (see tables 3(a) and (b) for comparison).
Total valence charge densities and ionicity factor
To visualize the nature of the bond character and to explain the charge transfer and the bonding properties of w-AlN and c-AlN, we calculate the total charge density. cases in figure 5 . Besides, one notices that the situation in the ZB structure is analogous to that of the WZ structure. The line plots for both w-AlN and c-AlN are similar (figures 4(a) and (b)). The overall shape of the charge distributions suggests a highly ionic bonding, and similar charge transfer from Al to N, which indicates that AlN in both structures must present the same degree of ionicity. We estimate the ionicity factor of AlN in these two structures from the asymmetry of the valence charge distribution. The charge densities around the atoms have asymmetric forms in both WZ and ZB structures which are similar to those given by Corkill et al [26] using the ab initio pseudopotential method. The charge transfer gives rise to the ionic character of AlN similar to that found in other group-III nitrides. The driving force behind the displacement of the bonding charge is the greater ability of N to attract electrons towards it due to the difference in the electronegativity of Al and N (χ N − χ Al = 1.82).
Two different approaches have been used to calculate the ionicity factor for AlN compound: (i) the Garcia-Cohen approach based on the valence charge density calculation [38] , and (ii) the Pauling definition based on the electronegativity values of the elements. The scaling law introduced by Garcia and Cohen was successful in predicting the f i behaviour for a wide variety of semiconductors. However, these authors calculated the charge densities using the total-energy pseudopotential method, and the deduced ionicity factors exhibited a large discrepancy with the Phillips ionicity scale for all the group-III nitrides. The Garcia-Cohen ionicity factor is defined as
where S s and S a are the measures of the strength of the symmetric and antisymmetric components of the charge density, respectively, and are defined as [38] 
We also use the Pauling definition [39] of the ionicity of a single bond and the Phillips electronegativity values for N and Al [40] for comparison; a rapid estimation of the ionicity factor is obtained by using the Pauling equation:
where χ A and χ B are the electronegativities of atoms A and B, respectively. The calculated ionicity values for AlN compared with those of Phillips [40] , Garcia and Cohen [38] and Ferhat et al [31] are summarized in table 6. The calculated values of 0.46 for wAlN and 0.44 for c-AlN are close to those given by Phillips for w-AlN and Ferhat et al for c-AlN, but are very different to that found by Garcia and Cohen [38] for w-AlN. The calculated ionicity is consistent with Pauling's [39] . Since both polytypes have the same tetrahedral environment, the ionicity factor must be a local parameter which could be a signature that AlN undergoes the same phase transition for both its structures under pressure [41] .
Conclusions
In this paper, we present our results on the electronic structure investigation of WZ and ZB AlN and provide additional details on this compound results presented earlier. In both cases, we first present the band structure results. We provide information about the charge densities which allows us to evaluate the charge transfer in going from one structure to another. The main conclusions can be summarized as follows.
(i) The calculation provides an excellent description of the band structures of the AlN compound; i.e., the LDA-eigenvalue spectrum differs significantly from experimental observations and generally agrees more closely with other ab initio calculations. The bandgap of w-AlN is direct; it becomes indirect in ZB. (ii) The LDA curves of the DOS present the same aspect for both w-AlN and c-AlN. The band structure details presented here could be useful for further experimental investigation. We have also presented results on charge densities for the two phases. Finally, as a result of the strong ionic character of both w-AlN and c-AlN compounds, these materials share many similar properties. The present calculations provide reliable predictions of the detailed band structure of AlN in WZ and ZB structures and have allowed us to compare their properties. We note that the study of both w-AlN and c-AlN provides an opportunity to compare two materials with different structures and the same degree of ionicity.
